Abstract
Introduction
The successful launch of satellites with high-resolution imaging capabilities (e.g., Ikonos in 1999 , QuickBird in 2001 , WorldView-1 in 2007 , and GeoEye-1 in 2008 has opened a new era of space imaging for earth observation (Fritz, 1996; Li, 1998; Li et al., 2007) . High Resolution Satellite Imagery (HRSI) has been widely used in a variety of applications such as transportation, agriculture, environmental protection, land-use planning, coastal mapping, and disaster monitoring and response (Xu et al., 2003; Di et al., 2003a and 2003b; Warner and Steinmaus, 2005; Al-Khudhalry et al., 2005; Chubey et al., 2006; Mishra et al., 2006; Aguilar et al., 2008a) . The use of HRSI in public search systems, such as Google Earth ® and Virtual Earth
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Gang Qiao, Weian Wang, Bo Wu, Chun Liu, and Rongxing Li further extended the popularity and applications of HRSI in the daily life of many people. For most applications of HRSI, one of the important parameters considered is its geopositioning capability, which is also fundamental in photogrammetry and remote sensing applications. Several sensor models, in particular the Rigorous Sensor Model (RSM) and the Rational Function Model (RFM), have been investigated to describe the geometric relationships between imaged objects and the corresponding stereo HRSI scene (Fraser, 1999; Li et al., 2000; Tao and Hu, 2001; Di et al., 2003a; Tao et al., 2004; Wang et al., 2005; Toutin, 2006; Habib et al., 2007; Aguilar et al., 2008b; Li et al., 2009) . The RSM explicitly uses both the internal and external orientation parameters of the camera to represent the geometry of the stereo scene formation. However, in many cases it may not be the preferred model to use because of the availability of the orientation parameters, complex expression, and computational considerations (Li et al., 2007; Habib et al., 2007) . In many instances (e.g., the Ikonos imagery), an RFM may be the only model provided by an image supplier. The RFM is a mathematical fitting of the RSM using polynomials containing Rational Polynomial Coefficients (RPCs). Usually they are implemented as third-order polynomials consisting of 78 RPCs, which are provided as image metadata by the image supplier. Thus, an RFM can be used as an alternative to the RSM. The quality of HRSI orbital navigation and stability of the data are very high, and resulted in a significantly robust accuracy of the ground points derived from the stereo HRSI images, even without ground control. For example, ground coordinates derived from the RPCs of the Ikonos (GeoLevel) stereo product have shown only a systematic horizontal shift (16 m to 25 m) (Dial, 2000; Di et al., 2003b; Li et al., 2003 Li et al., , 2007 Li et al., , and 2009 ). The typical QuickBird stereo (Basic Level) imagery also shows a similar shift of 23 m (QuickBird Imagery Products, 2008; Niu et al., 2004) . This type of systematic shift can be effectively removed or significantly reduced by use of a few good quality ground control points (GCPs) Niu et al., 2004; Wang et al., 2005; Aguilar et al., 2007) . Using simulated Ikonos along-track stereo image data, Zhou and Li (2000) demonstrated the potential accuracy of ground points at 3 m (X and Y) and 2 m (Z) with GCPs, in contrast to an accuracy of 12 m (X, Y, and Z) without GCPs. et al. (2003a) presented the improvement of ground points derived from Ikonos along-track stereo imagery along the southern shore of Lake Erie, Ohio, by employing a few GCPs and achieved a ground accuracy of 1.2 m, 0.9 m, and 1.6 m in X, Y, and Z directions, respectively. Habib et al. (2007) investigated the accuracy of ground coordinates over the city of Daejeon, South Korea, using along-track Ikonos stereo imagery; an accuracy of 2 to 3 m was obtained. Qiao et al. (2007) presented experimental results of the geo-positioning accuracy using GCPs to improve ground points derived from QuickBird across-track stereo images, and achieved an accuracy of 0.6 m in the X and Y directions and 0.7 m in the Z direction. Similar results have been reported by (Fraser and Hanley, 2005; Hu and Tao, 2002; Toutin, 2004; Jacobsen, 2007) So far, most of the experiments and results are reported for areas where terrain variations are not dramatic, and GCPs and Independent Check Points (ICPs) are also distributed on the ground without much elevation change. There is lack of investigations and analysis of the HRSI geo-positioning capability in special metropolitan areas where within a small geographic extent there are vast densely populated skyscrapers and high buildings. This paper focuses on issues related to geo-positioning capability analysis of HRSI for areas with a high ratio of elevation range and geographic extent. The study area is downtown Shanghai, China, for which we have collected a stereo pair of cross-track QuickBird images, ground GPS data, high precision aerial mapping images, and lidar data. The integration of these data sets provided a test bed for preparing an answer to the question whether the currently commonly used technique would be appropriate for the special, and important, environment of densely populated high buildings in metropolitan areas. Specific attention has also been paid to obtaining GCPs and ICPs on high buildings from multiple data sets, changes of accuracy in the vertical direction, distribution of GCPs and others. Overall, the results show a clear dependency of geopositioning accuracy on elevation where the GCPs are placed.
Study Area and HRSI Dataset
The study area is a relatively small region (latitude 31°12Ј N to 31°15Ј N and longitude 121°29Ј E to 121°32Ј E) of 11 km in Table 1 . The relative positions and pointing angles of the two orbits with respect to the study area center are illustrated in Figure 3 . Most of the information, such as azimuth and elevation angles, is provided in the metadata files. Using the azimuth and elevation angles and a set of equations in Li et al. (2007) , the convergence angle between the two images is calculated as 25.9°, indicating that they are suitable to form a good quality stereo pair for geo-positioning capability analysis.
GCP and ICP Measurements from Multi-source Data
We have collected multi-source data in the study area, including ground GPS survey data, aerial mapping images, and lidar data. Figure 4 illustrates the coverage of these data sets. In our analysis, GPS-surveyed points were used as GCPs and ICPs on the ground while points located on the buildings as measured from the aerial images and lidar data were used as GCPs and ICPs at higher elevations.
Ground GPS points A GPS survey campaign was conducted in the downtown Shanghai area on 30 December 2006, supported by the Virtual Reference Station (VRS) technology (Wanninger, 2003) provided by the Shanghai Surveying and Mapping Institute. In total, 82 points were surveyed which are evenly distributed in the area. These surveyed points are distinguishing features, such as street corners that can be identified both on images and on the ground. Among them, 22 points were used in the following aerial image processing, and 13 were used to process the QuickBird images in the study area. The overall accuracy of these GPS points is 0.05 to 0.1 m in all three directions. The distribution of the ground GPS points is shown in Figure 5 .
Integration of Aerial Images and Lidar Data for Measurement of Points on High Buildings
Points with known coordinates on the high buildings in the study area are needed for the study and analysis. Access to the buildings and feasibility of placement of instruments on these points could not be warranted for all points designed. The alternative was to use noncontact measurements from the multiple data sources such as aerial images and lidar data. First, a photogrammetric bundle adjustment of the aerial images was performed and the footprints of the buildings were extracted from the bundle adjusted aerial images. Second, after a registration of the buildings in both aerial images and the lidar data, the vertical coordinates of the points on the buildings were obtained from the lidar data. Since the aerial images possess sharp buildings edges and have a generally higher horizontal accuracy, the horizontal coordinates of the building points were taken from building boundary measurements of the bundle adjusted aerial images. Finally, the corresponding vertical coordinates of the points were obtained from lidar data, considering the very high accuracy of lidar measurements. A total of 26 aerial images with a ground resolution of 0.22 m were employed to form an aerial image network for bundle adjustment. These images were taken using an Intergraph Digital Mapping Camera (DMC) by the Shanghai Surveying and Mapping Institute on 28 September 2006. The bundle adjustment was performed using the ERDAS Leica Photogrammetry Suite. A total of 22 ground GPS points on the ground were utilized in the adjustment, 6 as GCPs and 16 as ICPs ( Figure 6 ). After the bundle adjustment, the computed ground coordinates of the ICPs were compared with the corresponding ground GPS points. The RMSEs (root mean square errors) computed from the ICPs The vertical accuracy of the lidar points is better than that obtained from the aerial images (0.39 m). Therefore, we combined the vertical information from the lidar data with the horizontal information from the aerial images for these points on the building rooftops. Both the aerial images and lidar data were referenced to the WGS84 frame. The correspondence is implemented as an interactive measurement and matching process. First, an aerial stereo pair can be displayed and the building to be measured can be zoomed into ( Figure 7) . A rooftop point, for example, can be measured to compute its 3D coordinates. Then the lidar data can be plotted in 3D with a viewing position and angles that are close to those of the aerial images. Identification of the same rooftop point in the lidar data was done manually by observing the building in 3D view with different looking angles. Only the buildings with flat rooftop or roof edges were selected in our research. The elevation of the rooftop points were determined as follows: first, within a small window around the rooftop point, a number of lidar points (usually more than 20 in our research) with their elevation value differences less than 0.05 m, were selected as on the same rooftop. Then, the elevation of the rooftop point was determined to be the average elevation value of these points. The elevation of the rooftop point from the lidar data is then combined with its horizontal coordinates of the same point from photogrammetric triangulation using the aerial images. Using this approach of manual registration between stereo aerial images and lidar data, GCPs and ICPs on rooftops can be obtained for both planar and vertical accuracy analysis.
A total of 88 points (including GPS points) were measured and identified in the study area, which will serve as GCPS and ICPs for a further HRSI experiment. Thirteen of these points are located on the ground (elevation about 14 m). The rest of the points are building rooftop points that have elevations of 20 m to 360 m. The elevations of the points are listed in Table 2 . Figure 8 illustrates the building heights and locations of the points. Figure 9 shows the overall strategy of this study. The aerial images and lidar data are preprocessed and integrated as described in the previous sections to produce GCPs used in the following HRSI data analysis. The QuickBird stereo images came with RPCs (Rational Polynomial Coefficients) and can be used to provide a solution for calculating 3D coordinates of ground points measured from the HRSI images without GCPs. An improvement of the accuracy of the ground points thus obtained can be conducted by using a correction model in the image space and a small number of GCPs. In particular, a translation and scale correction model is applied. To analyze the effectiveness of the correction model with respect to various elevations, the GCPs derived from the GPS survey data, aerial images, and lidar data are further categorized into groups of GCPs and ICPs at different elevations. Finally, the correction model can be tested and analyzed using the HRSI measurements and the ground GCPs and ICPs for various scenarios. In detail, four experiments were conducted for this study. First, we analyzed the HRSI geopositioning capability without involvement of any GCP. Second, we analyzed the HRSI geo-positioning capability with GCPs only on the ground. Third, the HRSI geo-positioning capability with GCPs located on building rooftops at individual heights was investigated. Finally, the HRSI geo-positioning capability with GCPS at all heights together was examined. Geo-positioning Accuracy without GCPs For the above-mentioned 88 GCPs and ICPs with known ground coordinates computed from GPS survey data, aerial photogrammetric bundle adjustment, and lidar data, the corresponding image coordinates in the QuickBird stereo pair were measured. Using the RPCs contained in image metadata and the measured image coordinates, 3D ground coordinates of the 88 points were calculated. They were compared with the known coordinates. The differences between the known ground coordinates and the RFM-derived coordinates were employed to compute the RMSE:
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( 1) where is the number of points used in the calculation, and is the coordinate difference. The result for all of the 88 points mentioned above is listed in Table 3 . Figure 7 . A stereo aerial image pair, zoomed area of a high building, and 3D display of the building using lidar data for multi-source data supported rooftop point identification and measurement.
From Table 3 , it can be seen that the RMSE in the latitude direction is about 14 m and longitude about 21 m. The combined horizontal RMSE is about 24 m. This magnitude and the range are consistent with the specification published by DigitalGlobe, Inc. for the stereo image product (QuickBird Imagery Products, 2008) and in line with similar results reported by other researchers as mentioned previously. The RMSE in the vertical direction is 17 m which is of the same order as that in horizontal directions.
Geo-positioning Accuracy with GCPs on the Ground
Using GCPs, the ground coordinates of the points determined by the RFM above can be improved. This is usually implemented by a correction model either in the object space to correct the triangulated ground coordinates or in the image space to correct the image coordinates of the points. In this study we adopt the correction model in the image space as described in (Wang et The geometric correction in the image space was implemented by adding additional parameters into the RFM model to adjust for inconsistencies caused by imperfect pointing data from the orbits. In Equation 2, a translation correction and a scale correction are added to each image coordinate of r (row) and c (column) of a point in the rational functionbased photogrammetric collinearity equations:
where are the latitude, longitude, and ellipsoidal height of the point in the WGS84 frame, and is a third-order, 20-term polynomial containing 78 RPCs provided in the image metadata. Variables a 0 , a 1 , b 0 , and b 1 are the parameters for the translation and scale correction model.
Four GCPs on the ground with an average elevation of about 13 m were selected and are shown as triangles in Figure 10a . Other points were employed as ICPs and are illustrated as black bars. First, a GCP with known (X, Y, Z) was incorporated into the right-hand side of Equation 2 and evaluated, and its corresponding image coordinates (r, c) were put into the left-hand side, while a 0 , a 1 , b 0 , and b 1 were treated as unknowns. For the four GCPs, we can establish eight equations to solve for four unknowns by a least-squares solution. Then, the estimated translation and scale parameters along with the RFM polynomials (Equation 2) can be used for the computation of geometrically corrected ground coordinates for any points when their image coordinates are measured. Finally, the geo-positioning accuracy of this approach was assessed by using the ICPs. The images coordinates of the ICPs were all measured. Employing Equation 2 with the translation and scale parameters, we computed the ground coordinates of the ICPs, which were then compared with the known ground coordinates. The horizontal accuracy has not shown much variation in this study. We focus on the vertical accuracy analysis with significant height variations in a small geographic extent. Figure 10 shows the analysis result of the above correction model in this study area. The black bars in Figure 10a describe the elevations of the ICPs (buildings) along with their point IDs. The elevation differences were calculated P i (i ϭ 1,2,3,4) X,Y,Z Figure 10 . HRSI geo-positioning accuracy with GCPs on the ground: (a) point distribution with point IDs, 4 GCPs (triangles) and 84 ICPs (black bars), and (b) relationship between the elevation error and the building height. from the known coordinates and the improved RFM with the translation and scale parameters. The RMSE of the differences is 0.9 m with a maximum of 2.1 m. This result is an improvement over the RMSE of 17 m in Table 3 for the case of geo-positioning without any GCPs. However, it is not as good as the accuracy (RMSE ϭ 0.6 m), for example, reported in (Li et al., 2007) for another QuickBird stereo pair. Figure  10b shows the relationship between the elevation differences and the corresponding building heights. Note that the ICPs are numbered in an ascending order according to the elevation. There is a general trend of the elevation error (RMSE) to increase with respect to the building height (elevation) increase. This is further verified by observing the relationship using smaller elevation intervals. We divided all the ICPs into five different elevation ranges: 0 to 50 m, 50 to 100 m, 100 to 150 m, 150 to 200 m, and 200 to 361 m (Table 4) . Within each elevation range, we calculate an average difference between the known coordinates and those improved by the translation and scale correction model (Figure 11 ). From Figure 11 we can clearly see that the average elevation error increases as the elevation of the five building groups increases. Since the GCPs are on the ground (average elevation 13.8 m), the first group which has ICPs on the ground (average elevation 13.7 m) has a minimum elevation error of 0.57 m. On the other side, the average elevation error reaches a maximum of 1.28 m for the fifth group of buildings (average elevation 246.7 m).
It should be noted that we also compared results from the RFM followed by improvement using several correction models including a translation model, scale and translation model, and affine transformation model using the same dataset. The experimental results revealed that there is no significant difference among these models, as also reported by Di et al. (2003a) and Wang et al. (2005) . Therefore, we only present the results from using the translation and scale model in this paper.
Geo-positioning Accuracy with GCPs at Different Elevations of Building Groups
This section describes how GCPs located at different elevations of the building groups in Table 4 can affect the geo-positioning accuracy.
For each elevation range in Table 4 , four evenly distributed points within the range were selected as GCPs. The RFM model followed by a translation and scale model in the image space were employed by using the four GCPs for geometric improvement. All other points in the same range and other four ranges were utilized as ICPs to analyze the effectiveness of the GCPs at one elevation group on ICPs at the same and different elevation groups. Since the results from the GCPs on the ground elevation were described in the previous section, this section only gives the results from GCPs located on the building rooftops. Figure 12 shows the distribution of the GCPs and ICPs of the four cases with GCPs at four elevation ranges. The triangles and point IDs in each sub-figure denote the GCPs used in the same elevation range. The larger dots are the remaining points within the same elevation range, which were used as ICPs. The smaller dots illustrate the points in other elevation ranges that were also utilized as ICPs.
As shown in Table 5 , four GCPs (point IDs in Figure 12a ) with an average elevation of 69.91 m were used to improve the ground coordinate accuracy by the RFM and the translation and scale model. The resulting translation and scale coefficients were employed to compute the ground coordinates of the ICPs that were separated into five elevation groups at average elevations of 13.72 m, 81.80 m, 118.31 m, 170.95 m, and 246 .71 m. These estimated coordinates were compared with the known coordinates within each group. Their differences were used to calculate the average elevation errors in the five ICP groups (first row in Table 5 ). The same process is employed to produce data in the following three rows in Table 5 .
As can be seen in Table 5 , there is a clear relationship between the average elevation errors and elevations of the GCPs. For example, for the first case (elevation range 50 to 100 m), the average elevation of the GCPs is 69.91 m. The minimum error of 0.59 m appears when using the ICPs within the same range of that of the GCPs (50 to 100 m), while the elevation error increases as the elevations of the ICPs are farther away from those of the GCPs. The maximum of 0.88 m appears in the ICP elevation range of 200 to 361 m, which is farthest from the GCPs (50 to 100 m). This same trend continues as we observe the other three cases of GCP elevation ranges in Table 5 . Therefore, the RFM with a translation and scale correction model performs differently when the GCPs are placed at different elevations. The determined ground points have the highest accuracy when they are within the elevation range of the GCPs.
Geo-positioning Accuracy with GCPs Across Different Elevation Ranges
To examine the overall influence of the GCPs across different elevation ranges on the geo-positioning accuracy, we randomly selected 25 sets of four points as GCPs and the rest 84 points as ICPs from the dataset in Table 2 . The variation of the calculated elevation errors of the ICPs with respect to the elevation range of the used GCPs is shown in Figure 13 . Figure 13 shows a general trend that the elevation error of the ICPs is related to the elevation range of the GCPs. The elevation error of the ICPs is smaller when the average elevation of the GCPs is close to the middle of the whole elevation range (100 to 150 m) in the study area, and is greater when the average elevation of the GCPs reaches the two boundaries (0 to 50 m and 250 to 300 m). This means that the GCPs should be "representative" of the object model.
The above-mentioned dependency of geo-positioning accuracy on the elevations of the GCPs used provoked an experiment of geo-positioning by the RFM and the translation and scale model using GCPs across precisely all the five elevation ranges from the ground to the high building rooftops in this study area.
Five evenly distributed GCPs, one from each of the five elevation ranges, were selected to serve as GCPs. These GCPs (point IDs 8, 32, 49, 79, and 84) are shown in Figure 14 , with their elevations indicated by the heights of the bars. All the other measured points were used as ICPs. The experimental result is shown in Table 6 . As shown in Table 6 , the elevation error in this experiment ranges from 0.72 m to 1.00 m and is of about the same order as those in Table 5 . However, they are higher than the elevation errors at the minimum levels where the GCPs were selected (0.59 m, 0.61 m, 0.67 m, 0.41 m) in Table 5 . The use of GCPs across different elevation ranges did not improve the geo-positioning accuracy, but resulted in a relatively even distribution of the residuals to all ICPs across the elevation ranges.
Conclusions and Future Research
This paper presents the results of geo-positioning capability analysis for HRSI in a very special metropolitan environment in Shanghai, China, where within a relatively small region there are a large number of very densely populated skyscrapers and high buildings. Using QuickBird stereo imagery along with GPS survey data, aerial images, and lidar data covering the same test area, the experimental results allow us to draw the following conclusions.
1. Using a cross-track QuickBird stereo image pair and the vendor-provided RFM model, a ground geo-positioning accuracy of 23 to 24 m in horizontal and 17 m in vertical directions is achieved without any GCPs. This estimated accuracy is in line with the vendor's technical specification and early publications (QuickBird Imagery Products, 2008; Niu et al., 2004; Li et al., 2007; Fraser and Hanley, 2005) . 2. Using a few GCPs along with the vendor-provided RFM and the translation and scale correction model, the geo-positioning accuracy in the vertical direction can be improved to a sub-meter level for ground points up to 200 m in elevation and an accuracy of 1.3 m for points between 200 m and 361 m. This model and the few GCPs are capable of correcting the majority of the pointing errors and inconsistencies resulting from the orbital data. Since the GCPs used are all on the ground, the best accuracy is achieved for points also on or close to the ground, while the elevation error increases as the elevation of the points increases. 3. It is further found that the performance of the above correction model depends on the vertical distribution of the GCPs employed, which are selected sequentially at five different elevation levels of the buildings for this study. The RMSE achieves a minimum at the elevation close to where the GCPs are located. Consequently, the RMSE reaches the maximum for the points that are farthest from the GCPs. 4. Using the vendor-provided RFM and the GCPs across all the elevation ranges improves the overall geo-positioning accuracy. However, the overall RMSE is not better than that of the individual experiments where the GCPs are placed at a particular elevation level.
Overall, the method of improvement of geo-positioning accuracy by using the vendor-provided RFM and a simple correction model with few GCPs performs well to some degree in a special metropolitan region where skyscrapers and high buildings are densely populated. The results show a clear dependency of geo-positioning accuracy on elevation where the GCPs are placed. This dependency does not disappear even with GCPs distributed across the entire elevation range of the region.
